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q“hc current pbasc of the SP- 100 progmm  was initiated in 1986 with tbc objectives of developing the technology for
Space Reactor Power Sys[cms  (S RPSS) in the 10 1000 kWc power r:ingc  and performing ground systcm (csts  of both
noclcar  and non-nuclear major assemblies. lhring  the course of this dcve.lrrpmcnt,  several system designs at different
power lcv~lshave evolved, ‘1’hc (icsign activities covcrpowcr]cvcls  from 5-- 100kWc, tcchno]ogy ranging  from corrcntly
available through projcctcd  evolution, and incorporation of fcatum to cnhancc survivability. The designs dcmonslratc
Ihc adaptability of the basic technology dcvclopccl in the SP- 100 Program. A summary is provided of the kcy features
and attributes of each of the design adaptations of S1’- 100 tccbno]ogy and the mass-power relationship that the dcsi:ns
imply. Conclusions regarding the applicability of the SP- 100 systcm to near-tmn and future mission applications arc
provided in t}~c context of currently available technology and the improvcrncnts that coLild molt from continuation of
technology ctcvclopmcnt  activities.

. .
<0 I)ucm~

‘Jlispapcrd  cscribcs SP-I OQsystcm  designs that have evolved in response to both programmatic and uscrnccds  during
thccours co fthcprogram.  T'hcscdcsigl~s  havcforr~~ccl  thcbasis  fordctailcd  dcsignof  conlponcnts,  subsystcr~lsancl
assemblies, as WC]] as providing t}lc rcquircmcnts for the p]anncci systcm-level tests. Additionally, especially in the latter
ycarsof  the program, systcm designs were conceived in conjunction with specific early nlission-rclatccf  planning
activities, and thus provided the information nccdcd by potential users as they Studicc]  applications requiring space
nuclear power.

q“hc paper proviclcs a historical backgl-ound  of the designs that have evolved and then dcscribcs the most important
systcr)~s il~tcrl~~s  ofrcqt)ircrl~ents  allclkcy dcsignfcatLlrcs.  Othcrdcsigl~s  pcrforll~cd  atan~orc conccptLlal lcvclarcnotc(l
inthcfollowing.section. AsuI~~l~~ary ofpcrforll~ancc  c}laractcristics isincluclcd ttlats}]ow's  tl]crclationsl)  ipsofpowcr,
mass, and technology maturity.

]IISTORICAJ,  KVOL(J’1’1ON

“J’hc evolutionofSP-100systcn] designs was governed primarily by uscrrcquircmcnts.  At the bc.ginrring  of the cuncnt
phase of the progam in I~Y 1986, the. threat posed by the Soviet Union of attacks using intercontinental ballistic missiles
was bcir)ga(i[lrcssc(l  t)yt}~c Strategic  I)cfcllsc initiative 0fflcc(SI)10).  ~’hc SI)]Owas  pursoing  spacc-bascd dcfcnsivc
systems that COUl(i  use SRPS designs with power ratings of -100 kWcorgrcatcr(a  300 kWc clcsign was initially
considered but not fully dcvclopcd)  formorc advanccdconccpts.  I:uturc NASA missions to the outcrplancts  usirr~
c]cctric  l>ro~)ll]sior~  cou](la]so  usc S1<]'S(icsigrls \\'it]l pow'crratirlgs  aJJ~Jr()ac]]ing  100kWc.

Thus, the scalab]c  tcchno]ogics being dcvclopcd  in the SP- 100 Program were oscd as the basis for a 10@ kWc Generic
}’ligllt Systcr~]  (GI~S)(lcsigr~.  Alt}~otl:ll tl]cbasic  GI'Swas notl~arclcr~c(l  to\vit}~stand hostile tl~rca[s, akcyco1lsiclcratioll
in evolving the (icsign was case of hardenability to meet SI)1O  rcquilcmcnts, ‘l’his a]]OwCd the cffolt to focus initia]]y
Ondcvcloping tcctlrlologics  rlccclccl tomcct basic performance rcquircmcnts. “J’hc parallel dcvc]opmcnt of hardening
tcc]~nologics  fortllc  rllilitary scctorwas  fo]]owc(l  sot]~at thcycoL)](i cffcctivc]y bcintcgratc(i intoa})ar(]cr~c(l  design. 3’hc
GI’S  (Icsign cfforl initiated in I’Y 1986 was maintained throughout the S1’-100Progran~. It was USC(1  toprioriti?c
technological (lcvc]o[~Il\cnt  activities frorllt}lc  pcrspccfivc Ofirll~>()rlarlCC  tOt}JcOVCrall systclll(lcsign.
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Ilccriusc sludics had indicated that Sprm-based nuctcal- reactors were inhcrcn[ly  more capable of withstrinding  hostile
Ihrcats than solar arl:iys. 10-40kwC hadcncd dcsig]ssuitrrblc  for Air I’OICC missions were formulated in FY 1989. The
design incorporated features to meet classified rcquircmcnts  provided by the Air Force. A 30 kWe conceptual design
for another classified applicalirm  w:is also complctcd  in this time pcl-iod.

IMring the J’Y 1990-1991 time frame, lllc Sovicl Union ccascd 10 bc a unified fmce and the [hr-cat of attack
co[-r-cs~>ol~(lirlgly  diminished. This resulted in a dcclcasc(i cmpl]asis  on cm Iy deployment of SD]() and Air I;orcc  sprlcc-
tmscd dcfcnsivc syslcrns. }Iowcvcr,  r’cquircmcnts for NASA missions remained. Mission studies (Kelly rind Ycn 1992)
sl)owed  that ccmlbining an S1’- 100 SRI’S with electric propulsion would pcmi[  spacecraft to rcndcz.vous  with outer
planets. their moons, and asteroids. ~’his rcndcz.vous  capability provided by an S1’- 100 Nuclear Illcctric  l’mpulsion
(NIY) systcln greatly incrcascs the scicncc r-c[um  as con~parcd  to ballistic flyby missions. l~urthcrmmc,  the mission
duration w:is rcduccd  si:nificant]y and the practicality of missions to ttlc ou[cr planets was thereby markedly impmvcd.

l;o]lowing  the climinution  of the Soviet tl]rcat, funding priorities were s}~if[cd  and plannin:  of NASA missions was
constrained to pursue lower-cost missions involving lower powers, smaller spacceraft,  and ICSS  cxpcnsivc launch
vchiclcs.  Studies in I:Y 1992 delincatccl seven optional systcm designs in the 5-15 kWc power rar~gc where already -
dcvclopcd  S1’- 100 technology COUld bc irnplcn)cnted  and could be rmploycd  in an early mission. Onc example looked
at in sornc  detail was an cxtcnsivc three-year- invcsti:a[ion of plasma physics phenomena in the Van Allen belts by an
NEP-powc.rcd spacecraft spiraling through the radiation fields.

in J’Y 1993, 20 kWc SRPS designs, based on using already-dcvclopcd technology, were crcatcd for planetary and
asteroid missions. I’hc 2GkWc SRPS designs, when used to power electric propulsion thrusters, could perform scicncc
missions of approximately five-year duration, inc]ucling  a rcndcz.vous with main belt asteroids or the moons of Mars.

lJndcr IR&D funciing, Martin Marietta, the S1’- 100 System contractor, also performed several design studies for lunar
surface power and orbital applications (Armijo et al. 1991).

‘1 J{ 4’~ls AN:1. I) I)]tSI~N J)JtSC~l]F1’lONS

Kcy system rcquircrncnts  and design features of sclcctcd clcsigns discussed in t}~c prcviousscction arc prcscntcc]  below.

The 100 kWc GI;S design was conducted in the initial part of the dcvclopmcnt phase to support the Nuclcar Asscnlbly
‘1’cst (NA’I’)  ant], subsequently, the planned Integrated Assembly Test (lAT). This fully documented ciesign formed the
basis for all of the component dcvclopmcnt  work accomplished to date. A major design update was accomplisbcd in 1992
to rcducc the mass of the total system.

Key rcquircmcnts  for the updatccl CiI:S design arc prcscnte(i  in Table 1. The full set of rcquircmcnts  (Shcparcl and
Slephcn 1992) expands on these rcquircmcnts  and specifically encompasses (1) safety, (2) thaw and start-up, (3)
environments including launch, ascent, operating orbits and meteoroids and space debris, (4) ma[crials  and associated
processes, (5) asscrnbly,  and (6) testability. ‘1’hc performance and design characteristics of the updated GE’S  that resulted
from imposing these rcquirerncnts arc presented in T’able 2. Note that the reactor outlet tcrnpcraturc. rises from 1350 K
at the IIcginningof  Mission (BOM)  to 1375 K at thclind of Missirm  (l~OM). I’hisrisc is necessary ton~aintai n aconstant
power- output of ] 00 kWc whi]c compensating for dc:radation of thcrmoclctric  materials and the loss of radiator
cffcctivcncss due to clarnagc from nlCtCOI’Ods  and space debris. I)csign features are surnrnarizcd in “1’able 3.

‘1’hc  physical configuration of tbc updated design (GI1 Astro  Space l~ivision, 1993)  is dcpictcd  in l;igurc 1. ‘1’hc  reactor
and shield arc located at the apex of the conical Reactor}’owcr Assembly (RI’A).  ‘l’he piping of the primary }]cat transport
loop serves as assembly joints bctwccn  the IWA and I\ncrgy  Convcl-sion Assembly (IL~A).  l’hc 12-panel deployable
radiator is connected to the IKA, where assembly joints include connection with secondary loop heat rejection ducts.
‘J’hc enl;irgcd Pun]p/PcA segment shows alternating thcnnoclcctric c]cctromagnctic  (1’liM) pumps and power conver-
sion asscrnblics (PCDAS). Adjacent Punlp/P~A  units arc linked to prevent backflows that inhibit pcrfonnance,
particu]ar]y  (]llril)g startup in~o]virlg progressive thaw of the flozcn lithium working fluid USC(I in both tl)c pri!nary  and
secondary heat transport loops.
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TAIII.l;  1. Kcy Gcnclic Idi[~ht System l<cquircn~cnts,
_... -.
Opel-ational 1 .ifc 10 years total will] a maximum of 7 years at full power

l.auncl) Vchiclc ‘1’itan  IV/Centaur

Mission Oj)cration Orbil 2(NO km altitude circular carlh mbit at 28C) inclination

LJscr Inlcrfacc Plane 4.5-11) diameter sdparatcd by 22.5 in from [hc base of the
rcaclor vessel

Self-~cncratcd Radiation at L}scr Inter-face I’]anc Ncutmn I’lucncc:  1 x 10-] 3 n/cn~2 (1 McV cquiva]cnt)
Gamma IMse: 5 x 105 rads (Si)
“l’hcl-mal  I’owcr  ])cnsily: 0.14 W/cn12

Main ]Ius ]l]cclrica]  ]’ower  ‘I”o User 99.7 kW at 2(KI Vdc 2 7 Vdc
300 W at 28 Vdc ~ 7 Vdc

Maximum Systems Mass 4600 kg
—— —. ——.—. .——

TAIILE 2. Generic I;light SystcJN Pcrformancc/IJcsign  Cl~aractcristics.

Key System Pcrformancc Characteristics
Ratccl E]cctrica]  Power outpul  (kWe) 100
BOM Reactor out]ct  Tcn~pcraturc(K) 1350
EOM Reactor Outlet q’cmpcraturc  (K) 1375
Reactor Thermal Power Required (kWt) 2400
Average EOM Radiator Tcmpcraturc  (K) 791

Key Systcm  Design Characteristics
] .aunch Vehic]c Titan IV/Ccntaor
Shiclcl IIalf-cone Angle (dcg) 17
Separation Distance (m) 22.s
I)cployab]c Boom Yes
The.rmopilc Area (n]2) 7.08
Radiator 1 -Side Physical Area (n]2) 106
Power Distribution Voltage (Vclc) 200
Number of Thcrmoclcctric }~]~llEJlts

Power Conversion 8640 ~cl]s

Auxiliary Cooling and ~’haw (ACT) 180 CC11S
I’haw  I’revisions NaK I’racc]incs
Mass by Sobsystcm (kg)

I<cactor 700
shicl(i 960
IIcat Transport (Includes tl]aw battery, if recluircd) 520
Reactor Instrumentation and Control (l&C) 320
Power Conversion 450
llcat Rejection 1040
Power Conditioning, Control and 390

Distribution (PCC&I))
Mcc}janical/StI-uctural ??0

~’otal 4600

System l)owcr-to-Mass Ratio (W/kg) 21.7
———. — —  _ _ _ _ _ _ _ _ _ _
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‘1’AIII.I;  3. Generic l’ligh[ System l)csign l’ca[urcs,
—

Rcactm l>csign  };eaturcs
Auxiliary Cooling I,oop
Reentry Shield
Reactor Structural Material
Fuel
safely Rods
Control I;lcmcnts

Shickl Subsystcm IX2sign l:calurcs
Neutron Shield Material
Gamma  Shield h4atcria]

I’rimary IIcat Transport Subsystem l)csigo  l~eatorcs
Number of Primary 1,oops
Pump Type
TEM Pump Thermoelectric Material

Reactor I&C subsystem  Design Fcatorcs
Signal/Control Multiplcxers  ‘

“owcr  Conversion Subsystcm  Design }~catut-cs
Thcrmoclcctric  Material

rhcrrnoc]cctric  Ccl] Type

]Cat Rcjcc[ion  Subsystcm I)csign  }:caturcs
Number of Secondary I.oops
Radiator Type

Sccomlary Piping/Racliator Duct h4atcrial
—.. —

Ycs
Yes

Pwc’-  11
LJN

]n-core
]’criphcr:il Sliding

l.i}l/IlllC
LJ238

6
T[;M

SiGc/GaP

Yes

SiCic/GaP
(BOM Z == 0.86 l;-3/K)
Conduc[ivc]y Coupled

12
12 IJcployablc  Panels

C-Cfl’i  }Icat Pipes
Titanium

Reactor Power Assembly (RPA)
Energy  Conversion Assembly (ECA)

}:lGI_JRI:  1. LJpdatcd  Generic I’light  System }’hysical Cooflguration.
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As noted in I’able 1, lllc GI:S is required to oi~cratc in a high 20(Klkn~  o! ’bi[. Wbcn  contcmplaiin:. missions m the outer
p]ancts,  the GI:S design can be simplified 10 rcducc mass. ‘1’hc conical carbon-carbon reentry shield enclming I}w rmctor
can be jctlisoncd  following  insertion into a trajectory that ensures cscai>c from the llarib’s  gravitational flckl. q“hc
;iuxi]iary cooling 100p (ACI.)  that prevents overheating and associa[cd possible dispersal of rcac[or cor-c rnatcrials in [be
event of a loss-of-coolant accident is no{ needed for a reactor in outer space. IIccausc  of’ grcally re(luced safety
rcquircrncn[s, the number of in-cm safely rods can bc rcduccd from 3 to 1, Rcrnoval of lhc A[’1. and  rcdLlc[ion in the
nunlbcrofsafct  yrodsrcduccstbc  rcaclordimlctcr  mlsiz. cofthc  shield. With tllcscc}larlgc  sas[l]c leoding factors  arnorlg
a set of changes, it was cstirnatcd that the mass of a G1;S tailored for missions m the outer planets \vriuld be -3930  kg.

10-40 k Wc IIardencd Ihxicns

in I’Y 1989, bardencd  10-40  kWc designs (Sbcpard 1989 and Schmidt 1989) were gcncratcd  to serve as powcrsourccs
for potcntia]  [J.S. Air Force missions that required systcrns  capable of surviving hostile tbrcats. ‘I”tm  requirements for
tbc study were based on military reactor pcrfonnancc goals including tbc capability to meet incrcasccl “G” levels in any
direction for the dcploycci configuration. ‘1’hc  sc]ccted design included a compact core with pcripbcra] control and safety
rods, wireless fuel pins, double-wall constrLlction  for the primary loop, elimination of t}~c secondary loop, and har(icnrxi
ra(iiator  an(i multiplexer clcsigns.

Kcy requirements for the 1&40 kWc hardened designs arc given in “1’able 4. The designs are to crnploy  the S}’-  100
G};S technology for the reactor and thcrmocicctric converters. The ccntrai focLls was to harcicn the SRI’S to withstami
bosti]c threats. Specific tbrcats anti harcincss ICVCIS  associated with “SIJPI{R” and 1.3 SMNI’11  l/JSCi are ackircssc.d in
tile classificci literature (Schmidt i 989). l’hc “SUPhX” harcirrcss rcquircmcmts were bascci on tbc projections in FY 1989
of Soviet weapon systems undcrcicvclopmcnt  at that time, whereas 1.3 SMA’HI  UJSC1  was reflective of t}~c capabilities
of existing or more near-term weapon systems.

A key result from tbe stL]ciy  is prcscntcd ‘in I;igure 2. To provide features to withstand the “SLJPIW” hardness Icvcl
results in a significant mass penalty relative to the 1.3 SMA’I’11  I/JSC 1 lcve], cg., - 500 kg for a 10 kWe SRPS. Of tbc

“J”ABIX  4. Rcquircmcnts I;or  llar(icncci  10 40 kWc I)csigns,
—. .—

● Reactor and Power Conversion ~’cchnology  I.irnitcci  to ti~at bcin: cicvclopc(i un(icr  the S1’- 100 I’rograrn
● 10 Year On-orbit Design I.ifc at Rated Output Power

● Self-irxiuccd Racliation Ihvironrncnt  at User Plane
- Gamma Rays 0.S MRAI> (Si)
- Neutrons 1 x 10] 3 n/cn]2 (1 McV Equivalent)

● 4-111  Diameter tJscr lntcrfacc  Plane

● S1’-100 G}:S Safety Rcquircmcnts

● Fixcci Structures Siz.cd for Titan IV 1 .aunch 1 .oa(is

●  IIar-cicnc(i to Both “SU}’li  R” ami 1.3 SMAT1l  l/JSCl  1.ascr ami NLlc]car ‘1’hrcats

● I)cployab]c  Structures Sizcci }:or 0.3 G I.atcral 1.oading

● llicctricai  Power Supp]ic(i on “Iwo l] LISSCS
-300 Watts on Secondary IIus at 28 +/--/ V(ic
- IIa]ancc of Ratcci I’owcr  on Main l~us
100 Vdc +/-590 I:or OLltput l’owcr Rating <20 kWc
200 Vdc +/-5% l;or Output Power Rating > 20 kWc

.——--.  —.— —
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I
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OUTPUT POWER RATING (kWe)

}’IGLJJ<E  2. Effect of Ilardncss  1.CVCI  and Radiator Configuration on Mass of }Irmlcncd I)csigns.

two hardened radiator configurations studic.d, the smaller planar radiator more effectively dissipates cxtcrna] thermal
loads (lasers) and thereby provides a mass savings, where the mass savings arc greater at higher power ICVCIS.

5–]5  k\3fc ~~y  “1’ccllno]~} T J)cs;~

in I~Y 1992, an option was pursucci for a significantly lCSS cxpcnsivc first flight  of the SP- 100 systcm t}~at coul(i bc
launchcc]  in t}]is dccadc (GE Astro Space IJivision,  1993). ‘1’hc approach was based on crnploying  an earlier stage of
tcchno]ogy for systems in the 5 – 15 kWc power range, ancl saving both tirnc and cost by using the qualification system
as the flight al-title. Rcquircrncnts arc given in-l’able 5. In addition tousc of SP-lOOtbcrn~oclcctri cconvcr[cr tcchno]ogy,
the ground  ru]cs  for this effort allowed consideration of converters clcvclopccl for Raclioisotopc “J”hcrmoclcctric
Generators (RTGs).

“l”his effort rcsultccl  in the following seven conceptual design options ancl launch elate opportunities bascc] on start of
implementation in I;Y 1993:

C)ption A ●

Option H ●

Oplion C ●

option  1>  ●

Maximum usc of prototypic GJ$ components fora 15- kWc systcm capable of an I;Y 1999 launch elate

Same as @tic)n A cxccpt that reactor Size is Optinlizccl  for the rcquircci thcrma] oLltput

Same as Option B cxccJJt that Cstab]ishcc],  but non-prototypic, Clcctrica] trace heating is USCCI for thaw
ancl the clcp]oyablc boom is eliminated to permit an I;Y 1997 launch date

I,owcr power version (7.5 kWc) of Option C to permit integration with a I)clta 11 launch vchiclc



‘I’AII1 .}{  S. Rcquircmcnls };or I;nrly ‘1’cchno]ogy l)csigns.
——. —-— .———————...  —..  ——_ _______ . .. —-—  ——
.
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✎

●

●

✎

●

�

Ratccl power:

operational lifclimc:

User plane diamclcr:

Self-gcncratcd radiation
environments at Llscr
in[clfacc plane:

Distribution voltage:

l.aonc}~ vehicle:

GFS Safety rcquircmcnls

5 [0 15 kWc (varied to arconlmodatc lallnch
vchiclc constraints)

1.5 years at rated power
2,0 years [otal on-orbi[  Iifc[irnc

3.6 meters (for Atlas I] AS)
2.6 rnctcrs  (for Iklta 11)

Neutron flucncc =- 1.S1{13 rticrn2
Gamma I)osc == 1 .51;5 rads (Si)

1 O(I  Vdc or Icss

Atlas IIAS and IJcl[a 11

—-

TAB1  X 6. 5-15 kWc Orbital Flight Options Pcrforn~ance/IJcsign Character-istics.
— — —.

OYflONS.—
A B c D E F G

Key Sys[em Performance Charac[cris[ics
.— .

Rated Electrical Power OuIput (kWe) Is 15 IS 7.5 10 10 6
EOM  Reactor Outle[  Tenlpcraturc(K) ] 375 1375 1375 1375 ] 375 ] 375 1375
Rcacm Thermal Prover Required (kWc) 450 450 450 225 275 275 I 75
Average FOM  Radialnr  Ternperarure (K) 7fXl 760 760 7rXl 520 520 585

Key System Design Characteristics
I,aunch  Vehicle

- Atlas IIAS v’ 4 w’ / /

- DELTA 11 4 /
Shield }Ialf-time Angle  (de:) r7 17 17 17 14 14 12.5
SCparatimr Disrance 15 15 6,5 10 6,5 6.5 3.7
I)cpl[)yablc  n(m)) Yes Ycs N[) Yes
I’hernmpile Area (n12)

N() N() N(J
1.14 1.14 1.14 (),57 0.32 0.206

Radiator  I-Side Physical Area (n~2 )
0.125

21 21 21 I I 35 35 12
P(,wcr  Dislribulinn Vn]tage  (Vdc) 100 100 100 too 50 50 50
Number of I“her[ntwlcctric  llemcnls

- Cells 1680 1680 1680 840
- Mullicmplcs

—

- Llrric{mplcs
5CQ0 -

12,000 719?

Thaw  Prtwisinns

- NaK  _f’racclincs / 4 .

- Electric IIealers / d / / /

tdi?ss by Subsysm)  (k:)
Rcaclm 800 6 0 0 Sfm 395 395 .395 395
Sbicld 7.70 7.30 770 710 720 720 6?5
}Ical Irarrs[xm (Includes thaw ba[tery,  if required) I 40 140 320 I 50 235 235 t.73
RcaclOr l&C 340 330 220 220 220 2?0 220
l’owcr  C(mvcrsiOn 85 85 85 55 155 210 184
} Icat Rcjccli[]rl 215 215 215 I 30 95 95 60
IK1’&I) 16S } 65 I 50 I 30 I 30 130 90
Mechanical/Structural I 40 138 ]]9 I 04 t 02 I 05 90

‘1 Olal 2615 2403 2379 [ 894 2052 2110 ] 797

;yslcrn  }l~)wcr.l{).Mass  ~alio (WAg) 5.7 6.3 6.3 4.0 4.9 4,7
.—

3,3
— — . _ — .—..
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Option 1; ● ~Jses existing convcrkr  technology (f’or cxamp]c,  rwliativcly  coupicd  Mod R“I”G  n~ulticoLlplcs) for a
10 kWc systcrn 10 rrccrmmodatc  an I;Y 1996 launc]) da[e

Oplion  1; ● (Jses existing radiativcly coupled R“l’G unicollp]cs  for a 10 kWC system to accommodate an IJY 1996
launch (ialc

Option G ● 1 mwcr powcl version (6 kWc) of C)ption I to pcrmi[  intcgr:ition with a I)clta 11 launch vchic]c

~’hc pcrfor]nanc’c  and dcsi:n  chmrctcristics  of the almvc options are J>r-cscntcd in “1’able 6.

J:or Option A, prckayd  for launch in m Atlas 11 AS, an identified mission involved the powering of an ion electric
propulsion systcm to boost a plasma physics scicncc platform from low calth orbit to the 1.] 1.agrangc point over an
approximate two-year period of thrustirrg  in a spiral trajcc[or-y.

20 k— \VQ S1/1’S Usirlg  (lose{ 1 Ilravlon CVCIQ

In lam I’Y 1992, a joint NASA/l>OI;  Team on Space Nuclear I’owcr and Propulsion conducted an assessment of the
S1’-100 Program and rcconmwrdcd  that it should  proceed to develop a flight system using the liquid metal cooled fast
spcctmm reactor technology of the current program in conjunct ion with a Closed Brayton Cycle (CBC) powcrconvcrsion
subsystem. This latter technology was sclectcd because it had been developed and COUIC1  sLrpport an early flight in this
clecadc  should NASA decide to procccci with a nuclear electric propulsion (NET)  interplanetary mission. In response
to this rccommcndation, DOE rcclirectcd the program ancl a system design activity was initiated.

Tab]c 7 summarizes the key requirements for the CBC-based design. q’hcsc rcquircrncnts were predicated on a thrcc-
bocly spacecraft concept intendccl to perform an NE}’ mission to the inner planetary region. Sheparcl  (1992) provides a
complete set of requirements for this system.

~’able 8 provides a summary of several of the princip]c clcsign parameters of the CBC SRPS design, The design
consists of three basic parts: (1) t}lc Power Generating Module (PCTM),( 2) the Electric Propulsion Module (IWM), and
(3) the Payload Module (P] .M). A deployable boom connects the PGM to the EPM, while a second boom links the PI .M
to the I{I’M, which is located at the center of mass. l’hc design CJJIplOYS a small reactor producing 110 kWth of thermal
powcrbut  retains the GFS fuel pin size. Two CBC units arc used, onc of which is forredunclancy.  A fixed conical raclia[or
based on Space Station Flccdom design concepts rejects t}~c waste heat to space. A deployable planar radiator option,
while more complex, would result in a lower mass. A ll{M pump is used to transport the lithium coolant from the reactor
to a heat cxchangcr and }lc-Xe gas provides heat to t}~c CRC unit. Tolucnc or a similar organic fluid is cmployecl in the
tertiary heat rejection loop. Tab]c 8 contains pertinent C}IC performance data, and Table 9, kcy reactor design
paranlctcrs.  Sl;epard (199~a, 1993b)  provides additional design ~ctails.

TAB] .1; 7. Primary Rcquircrncnts  for 2&kWc  CBC System.
-.

C)pcrationa]  life 5 years total with a maximum of 3.S years at full power

1 .aunch vehicle I’itan 4/Centaur
IJosc plane definition 2.5-n~ diameter separated by 8 m from tl]c base of the reactor vessel

Self-gcncralcd radiation at close plane Neutron flucncc: 1 x 10]3 ticrn  (1-McV  cquiv)
Gamma dose: 5 x 105 rads (Si)
Thermal power density: O.14 W/cn12

Main bus electrical power to user 2(I kW
Main bus volts.gc and freqLrcncy 208 Vac 2 59k (line-to-line), 3 phase, 600 IIz
Secondary blls c]cctric;il  power- to user 30Q w
Secondary bus voltage 28 Vdc ~ 5%
Maxirnurn systcrn  mass 2800 kg

8
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“I’AII1  .1{ 8. CIIC Syslcln l’crl’onnancc }’aramctcrs.
—.———... _ _________ ___ ——-.  —.—

VA1.LJIi

PAl<AMl;’I’[:R l;ixcd Conical/ l)cployabk!
Cylindrical Radical Planar Radiator

.—— —..—. . .._ —___ ___________ .————___

NCI Electrical Power output  (kW) ?0 20
Reactor q“hcrmal  Power (kW) 110 110

Main Radiator Area (n12) 59 43
‘1’IIM }’urnp  Radiator Area (n12) 0.35 0.35
SRI’S Mass (kg)*

Reactor 480 480
Shield 460 460
Primary llcat  ‘1’ransport 130 130
Reactor l.&C 170 170
Ilraylon Power Conversion** 770 770
Ilcat Rejection 390
Pcc&D

310
175 175

Mechanical/Stnrctural 260 260

Total 2835 2755

Inc]uclcs PGM-to-lH’M deployable boom, primary and secondary batteries for 100% margin during
start-up and 25% margin for shu[downh-cs[art  (assLrnlcct duration of 4 }~our-s),  and transfornlcr/
rectifier to supply 28 Vdc secondary and recharge batteries

* includes two redundant CBC units
—

TAIII.Ii 9. CBC Systcm,  Key Reactor Design Pararnctcrs
—

PARAMET1lR VA1.LJE

Thermal Power (kW) 110
Number of Fuel Pins 947
Fuel Pellet Diameter (rnrn) 6.4
I.incr I:rec Standing Rc
Fuel Column IIeight (cm) 23
Reactor Diameter (cm) 30
Number of in-core Rods 2 (I)ual I:unction)
Auxiliary Cooling loop lJ-tLlbcs None
}’uc1 J’in I’cak 1.incar Power (kW/nl) 1.0
Pucl Pin peak Ilurnup (a/o) 0.42

— —

A design review concluded that the dcvclopmcnt  of a flight system employing the C}IC SRJ’S approach was
feasible for an early mission. No major CBC dcvclopmcn[  issues were identified, although normal engineering
dcvclopmcnt for this specific application would be required. “J’hc reactor and balance of system posed no significant
problems for an early flight.

20- kW’c ‘1’tlcrmoclec~ i~ I)~si~

in early l~Y 1993, it bccamc  clear thal an early C}lC-based S1’- 100 mission was unlikely and a clccisicm was rnadc to



gencra[c  a 20 kWe thcrmoclcctric  (’1’11)  design, [he primnry ralionale  being that given additional (iL’veioJmlcr~t tirnc, tile
tiwrmociectric  convcrtcr basc(i ciesign woulci bc more cornpc[itive in tclrns of mm.s an(i ii fetirnc  capability.

As witi] tbc CJIC design, rcquircmcnts were bascci on an NI:J’  intcrpiane[ary  mission. “1’able i O summari7,cs  li~c
top-level (icsign groun(i  ruics. Silepar[i  ( 1993c) (icvclopc(i dctaiie(i rc(iuircmcnls  for [i]is cicsign, ~’abic i i sLrrnma  -
riz.cs kcy (icsign an(i performance fcalures  of the 20 kWc “1”1; system.

‘J’AIII.E io. J’rimary 20 kWc I“hcrmocicctric S1<1’S I)csign (iround I<ulcs.

I.aunch on Iitan IV / Centaur.
.— .—

5-year mission dLrration, inci Llciirlg 3.5 year-s al ratcxi power.

—.- .. ————... _ ___ —— .-. ——.
●

✎

✎

✎

●

●

✎

●

✎

��

20 kWc suppiicci to t}lrustcrs.
LJsc nuclear assembly test fuel pcilcts.
It is pcrmissibic  for the t}lcrmoclcctro-magnetic  pump arxi gas separator/accLrmulator designs to be scalcci from
the test oni[ irnp]cmcntalions to rc(iLlce tile mass of Ii)c 2~ k We syslcJIl provicic(i that this scaling wiii not require
additional tecJlnology dcvclopmcnl.
lJsc a three-bociy spacecraft as tile basis for the 20- kWc fligi]t system [icsign  (establishes a 2.S-Jn (iii. ciosc plane
iocatcd 8 m from the reactor/shici(i intcrfacc pianc).
‘1’here is no rcquifcment  for a scram function.
Restart after shutdown is to bc accommodated provi(icci  that dL)ration of bat(cry  (iischargc ciocs not CXCCCCI
1.S hours.
Mass goal is 2S00 kg or lCSS.

TAFILIi  11. 20-kWc  Thermoelectric I)csign,  Key SystcJN  Design ar](i  Pcrformancc Parameters.
———

PARAMETER VA1.U1{

I;icctrical  power delivered to user at FX)M (kW) 20.6
Eicclrical  power gcncratcd by power converters at IiOM  (kW) 22.4
Reactor thcrma]  power required at HOM (kW) 596
EOM reactor outlet tcmpcraturc (K) 1375
11OM reactor inlet temperature (K) J 293
Total flow through reactor at EOM (kg/s) 1.608
.%condary  flow per radiator panel (kg/s) 0.258
Radiator inlet temperature at 11OM (K) 825
Radiator outlet temper-aturc at I;OM (K) 743
Number of main Power Converter Asscmbiics 6
Number of TI;M PL)J]lps 3
Total thermoelectric ccli area (m2) 1.56S (Main Converters)

0.065 (ACT Converter)
Auxiiiary radiator onc-sicic area (m2) 1.3
Total main radiator onc-sicic area (m2) 29.S
SRPS mass by sLtbsystcm  (kg)

Reactor 573
Shield 710
Primary }Icat ‘J’ransport 1’79
Reactor l&C 185
Power Conversion 231
llcat Rejection 359
Power Conditioning, Control, and l)istribLltion 142
Mcchar~icai/Structural 189

~’otal 2568
— -— —_- — - . .  — — - . — . — .  .
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l“hc distinguishing features 01’ lliis design arc: (1) [IIC usc of a small rcac[or (approximately 600 kWth)  wit]] fixed
rcflcc[ors and three dll:ll fllrlclion contrcd/safety rods; (?) a 4 x 6 lhcmoclectric  ccl] arr:iy con fi~ura[ion for [hc convcrler;
(3) six fixc(i hcfit pipe radiator pancis: and, (4) ti~rec tilcrlllc)clcc-tro-lll  agllctic pumps. ‘1’hc mass of the power system is
2568 kg, but optinlizalion  of fuci pellet (iiamctcr anti oti)cr identified rcfincmcn[s  coul(i bring this to approxima[cly
2?00 kg. Chan (1993) provi(ics  a(iditional dc[aiis  of tilis (icsign,

~YS’1’MYl  PJIXIK)I<NIA NClt CIIAI<AC’l’El{lSrI’lQ~

l’hc design in]plcmcnta[ions  of SP-100 tccilno]ogy encompass: ( 1 ) power levels from 5 kWc to 100 kW, (?)
Iccilnologics varying from a stat Lls of cur~cntty  avai]ablc to projcctc(i mature SI’-1OO ‘1’ccilnoiogy. an(i (3) applications
ranging from 2-5 year I;arti)-orbiti])g  missions to long -(duration outer planetary missions of i 0 14 years. In ];igurc 3, the
mass of lhc different designs is shown as a function of t}lcir power levci. ‘1’tle curve for mature SP- I 00 tccilnology silow.s
the expected trend of increasing mass with power. l:ur[hcrmorc,  [i~c mass pcr unit power is iowcr a[ higi)cr power icvcls.
Onc factor contributing to this scalability characteristic favoring iligi~er powers is that a minimum reactor size is nccdcci
to achicvc criticality.

Comparison of designs Llsing cariy tcchno]ogics,  including RTG unicoupics,  Si-Cic converters, and CllC with the curve
for mature S1’-100 tcchrrology  dcsigrrs,  shosw that significant mass savings (-50(-1 000 kg) wiil rcsuit from continuing
t}~c dcvcloprncnt  of SJ’- 100 technology. A kcy technology effort is to cicvciop improved Si-Gc (GaP) converters. ‘1’hc
i~ardcncd designs arc based on mature S1’- 100 technology. T’hc iowcr  ilardncss icvci of 1.3 SMAT1l  1/JSCl,
corrcspon(iing to the iower bound of the shaded region, approac}~cs  the curve forn~atLlrc  SP- 100tec}lnology ami indicates
that the mass penalties for harcicning to ti]is ICVCI are relatively nvxiest.  l“hc upper bound of the shaded region represents
hardening to the “SUPER” level, where mass penalties are substantial.

At the 100-kWC power level, the GI’S design when tailored for outer planet missions approaches the rnatLire SW- 100
tcci]nology curve that reflects earlier projections of the S}’- 100 l’rojcct  Office. The CIF’S  design for a 2000-kn~ orbit
incorporates safety fcatLlrcs that result in a significant increase in mass as discusseci  previously. The primary mission for
i~igher powers approaching 100 kWc is now consicicred  to bc NASA outer planetary missions using electric propulsion.
The orbital mission that was originally idcntificci  was targeted toward SDIO applications being considered in tbc clccadc
of the 1980s.
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Ily examining the evolution of S1’-100 systcm designs and tl~cir implications rcsarding Ihe mass of the SRPS as a
function of power and lechno]ogy dcvclopmcnt level, tllc fo]lowing  conclusions arc drawn:

1. The existing SP-1OO early technologies can bc used ir] the 5- ?0 kWc r-angc  with rcspcctivc SRI’S masses of
-1700 2600 kg for orbital and planetary science missions,

?. Major reductions in SRPS mass accompanied by increases in mission Ii fctimc capability can bc achicvcd by
continuin:  the effort 10 develop rnatur-c  SP- 100 technology and thclcby cnab]c  NASA explorations of tllc outer
planets tha[ require 1O-14 year missions.

3. IIardcning  of the SW’S to 1.3 SMA’1’}1  I/JSC 1 lCVCIS for military missions crrn  bc achicvcd with modest mass
penalties for designs basccl on mature SP-100 tccbno]ogy.

4. SP- 100 reactor technology can bc integrated witl~ a range of convcrlcr tcchno]ogics  inc]uding curlcntly existing
RTG urricouplcs  and closed-cycle Brayton  units as options for early missions

Tbc work from which most of this material is clcrivccl was pcrforrncd as par[ of Contract DE-AC03-86SI’1 6006
bctwccn  the U.S. Department of Energy, San ];rancisco C)pcrations Office, Oakland, CA, and the Martin Marietta
Company. Technical direction of this work was provided by t}lc S1’- 100 Project Office, Jet Propulsion Laboratory, under
Contract with the Department of Ehcrgy,  San I’rancisco  Operations Officc, and by the 1.OS Alamos  National 1.aboratory.
‘l”hc authors also wish to acknowledge the helpful assistance provided by A. “~. Josloff and N. l:. Shcpard  of the Martin
Marietta Corporation.
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